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Abstract 41 

The mega-El Niño/Southern Oscillation (ENSO) is a principal component of the 42 

global air-sea coupling system. Its impact on the atmospheric circulation over the 43 

North Pacific is crucial for decadal climate predictions in the Northern Hemisphere. 44 

Observational analysis in this study indicates that the mega-ENSO has experienced a 45 

notable inter-decadal change in its connection with the winter West Pacific 46 

teleconnection pattern (WP) and the Aleutian Low during the past 56 years. It is 47 

significantly correlated with the WP during 1957−1975, yet such an intimate linkage 48 

breaks down and is replaced by the Aleutian Low after 1979. Numerical evidences 49 

show that such apparent change might be attributed to the change of sea surface 50 

temperature anomaly (SSTA) over the extra-tropical North Pacific (XNP). The WP 51 

pattern is excited in the upper troposphere when there is a mega-ENSO-like SSTA 52 

without the XNP SSTA, whereas an Aleutian Low type response is concurrent with 53 

the mega-ENSO and XNP SSTAs. Two factors might be related to the generation of 54 

the XNP SSTA. One is the mega-ENSO itself, and the other is the extra-tropical North 55 

Atlantic SSTA. The potential physical mechanisms are also discussed. 56 

57 
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1.  Introduction 58 

The mega-El Niño/Southern Oscillation (ENSO) is an integrated feature of the 59 

interannual-to-interdecadal variation of global sea surface temperature (SST), and 60 

reflects a broader range of variability than ENSO, the Pacific Decadal Oscillation 61 

(PDO) and the Interdecadal Pacific Oscillation (IPO) alone (Wang et al., 2013). We 62 

have known that the dynamic mechanism of PDO could be recognized as a 63 

phenomenon of the tropical (Cane et al., 1995; Yukimoto et al., 1996) and 64 

mid-latitude (Latif et al., 1994, 1996) air-sea interactions as well as their coupled 65 

effects (Gu and Philander, 1997). ENSO could be explained by tropical air-sea 66 

interactions, relaxation of the trade winds or other theories (Bjerknes, 1966; Wytki, 67 

1975; Philander, 1981; and others). The mega-ENSO was related to an off-equatorial 68 

atmosphere-ocean thermodynamic feedback between the two Pacific subtropical highs 69 

(PSHs)/trades and basin-wide SST anomalies (SSTAs) (Wang et al., 2015). With a 70 

much broader spatial-temporal scale, the mega-ENSO is likely to exert more profound 71 

influences on global climate than a conventional ENSO. Up to now, there have been 72 

many studies on ENSO and its climate impacts (Charney and Shukla, 1981; 73 

Ropelewski and Halpert, 1986; Jin et al., 1994; Zhang et al., 1996; Neelin et al., 1998; 74 

Chang et al., 2000; Wang et al., 2000, 2008; Wu and Li, 2008, 2009; Wu et al., 2009; 75 

Wu and Lin, 2012; and many others), but few on the mega-ENSO (Wu and Zhang, 76 

2014; Wu and Yu, 2015; Wang et al., 2015; Kim and Ha, 2015). This motivates the 77 

current study. 78 

The climate variability in the North Pacific has drawn considerable attentions in 79 
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recent years because of its impact on both tropical and extra-tropical climate (Hsu and 80 

Wallace, 1985; Deser et al., 1999; Graham, 1994; Latif and Barnett, 1994, 1996; 81 

Barlow et al., 2001; Ceballos et al., 2009; He et al., 2013b; Oshika et al., 2014). There 82 

are two dominant modes of atmospheric variability over the North Pacific. One is 83 

linked to the changes of the Aleutian Low and its temporal evolution can be quantified 84 

by the North Pacific index (NPI) (Trenberth and Hurrell, 1994). The other is the North 85 

Pacific Oscillation (NPO) (Walker and Bliss, 1932; Rogers, 1981), with the 86 

upper-tropospheric geopotential height showing the West Pacific (WP) teleconnection 87 

pattern (Wallace and Gutzler, 1981; Linkin and Nigam, 2008). The winter variability 88 

of the Aleutian Low is associated with the Pacific/North American (PNA) as well as 89 

the variability of the Arctic as Arctic Oscillation (AO) (Overland, 1999), and its 90 

influence in the Northern Hemisphere is evident from the surface (Maslanik et al., 91 

1996) to the stratosphere (Kodera et al., 1996). In comparison with the PNA and 92 

North Atlantic Oscillation (NAO), the WP pattern has received relatively little 93 

attention, although it exerts a profound influence on winter continental precipitation in 94 

the Northern Hemisphere (Nigam, 2003; Linkin and Nigam, 2008). The negative WP 95 

phase can also affect the Eastern Asian monsoon and lead to abnormally cool 96 

temperatures over Eastern Eurasia in the winter (Gong et al., 2001; Zhang et al., 97 

2009). 98 

The association of atmospheric circulation over the North Pacific with ENSO 99 

has also been widely examined. From previous studies, it is known that the boreal 100 

winter near-surface atmospheric circulations over the North and Central Pacific 101 
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influence the state of the tropical Pacific and can initiate the development of ENSO 102 

events (Anderson et al., 2013; Anderson and Renellys, 2015). Conversely, circulations 103 

over the North Pacific are also affected by tropical SSTA-. Bjerknes (1966, 1969) first 104 

noted that the Aleutian Low tends to strengthen and shift southeastward during El 105 

Niño events. Trenberth and Hurrell (1994) found that the deepened Aleutian Low in 106 

ENSO events results in a unique SSTA pattern that, on average, is enhanced through 107 

the effects of the extratropical SSTA itself. Meanwhile, ENSO is also a well-known 108 

key factor for long-term prediction of the WP pattern (Horel and Wallace, 1981; Mo 109 

and Livezey, 1986; Kodera, 1998; Oshika et al., 2014). Horel and Wallace (1981) 110 

showed that winter El Niño events are usually associated with the positive phases of 111 

the winter WP. As a matter of fact, considerable evidences have emerged of a 112 

decade-long change since the mid-1970s in the North Pacific atmosphere and ocean 113 

(Trenberth, 1990; Trenberth and Hurrell, 1994; Hanawa et al., 1996; Overland, 1999). 114 

The oceanic change is characterized by a cooling SSTA in the central and western 115 

North Pacific and a warming SSTA in the eastern tropical Pacific since 1976 116 

(Trenberth, 1990; Deser et al., 1996; Guilderson and Schrag, 1998). The atmospheric 117 

change includes an intensification and eastward shift of the Aleutian Low (Trenberth, 118 

1990; Graham, 1994; Trenberth and Hurrell, 1994). Such interdecadal changes of the 119 

ocean–atmosphere system could strongly affect and modulate the interannual 120 

relationship between the tropical SSTAs and the atmospheric circulation and further 121 

affect regional climate such as the East Asian Winter Monsoon (Ding et al., 2010; He 122 

and Wang, 2013a).  123 

Page 5 of 49

URL: http://mc.manuscriptcentral.com/a-o

Atmosphere-Ocean

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

 5

In contrast to ENSO and PDO, the mega-ENSO has its own characteristics. 124 

Wang et al. (2013) first revealed that mega-ENSO contributed to the intensification 125 

of the Northern Hemisphere summer monsoon during the past decades, which was 126 

not obvious in the conventional ENSO. Wu and Yu (2015) found that dynamic 127 

models would exhibit a high skill in the East Aisan Summer Monsoon (EASM) 128 

hindcast if the relationship between the EASM and mega-ENSO was captured. Kim 129 

and Ha (2015) revealed that the mega-ENSO index was better than the PDO index 130 

for denoting tropical Pacific characteristics, because the mega-ENSO index could 131 

well capture the easterly moisture transport over the tropics, but the PDO index 132 

could not. Wu and Zhang (2014) pointed out that the mega-ENSO experiences a 133 

notable inter-decadal change in its linkage with the winter NAO during the past 56 134 

years, and this marked change might be attributed to the SST forcing change in the 135 

North Atlantic. Up to now, understanding the origin of the interdecadal variability in 136 

the northern hemisphere (particularly the mid-high latitudes) is a challenging issue. 137 

And it remains an open question whether the mega-ENSO can modulate the North 138 

Pacific atmospheric circulation. If so, what is the physical mechanism responsible for 139 

it? This work attemps to answer the above questions. 140 

The current paper is structured as follows. Section 2 describes the data, model 141 

and experimental design. The distinctive mega-ENSO-related atmospheric 142 

circulation anomalies between 1957−1975 and 1979−2012 are examined in Section 3. 143 

Section 4 compares the differences of the three-dimensional circulation structures 144 

associated with mega-ENSO during these two epochs. In Section 5, the modulating 145 
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effect of the extra-tropical North Pacific (XNP) SSTA is discussed, and an 146 

atmospheric general circulation model (AGCM) and coupled general circulation 147 

model (CGCM) are utilized to assess the mechanisms. The last section summarizes 148 

the paper. 149 

 150 

2. Data, model and experiments 151 

The data used in this study include: (1) monthly mean Japanese 55-year 152 

Reanalysis data (JRA-55) (Kobayashi et al., 2015) from 1958 to 2013; (2) monthly 153 

mean SST data of the Hadley Centre sea ice and sea surface temperature (HadISST) 154 

(Rayner et al., 2003). 155 

The mega-ENSO index is defined in this study as the SST difference between 156 

the western Pacific K-shape area and eastern Pacific triangle area, as shown in figure 157 

3 in Wang et al. (2013). In order to be consistent with other ENSO indices, the sign 158 

of the mega-ENSO index has been reversed. The definition of the WP index follows 159 

the description of Wallace and Gutzler (1981) and Barnston and Livezey (1987), 160 

which is the 500-hPa geopotential height (Z500) difference between (60°N, 155°E) 161 

and (30°N, 155°E). The NP index is defined as the area-weighted sea level pressure 162 

over the region of (30°N−65°N, 160°E−140°W), and is used to characterize the 163 

temporal evolution of the Aleutian Low (Trenberth and Hurrell, 1994). These two 164 

indices were taken from the NOAA/Earth System Research Laboratory (ESRL) 165 

(online at http://www.esrl.noaa.gov/psd/data/climateindices/list/). The spatial pattern 166 

of the Aleutian Low and the WP teleconnection at 500-hPa are shown in Figure 1. 167 
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 7

The PDO index used in this study is constructed according to the definition given by 168 

Mantua et al. (1997). The IPO- index is defined according to Dai (2013) and Wang et 169 

al. (2013). To emphasize the interannual variability, we remove the linear trends for 170 

the aforementioned datasets. The effective degree of freedom (DOF) for the 171 

significance test is calculated for each index (Trenberth, 1984; Bretherton et al., 172 

1999), which is almost the same as the original DOF. 173 

Numerical experiments are performed with an atmospheric general circulation 174 

model (AGCM), which is the 5
th

 generation Max-Plank-Institute model, ECHAM 175 

(v5.4) (Roeckner et al., 2003). The version we use is T63L19, with 1.875° for 176 

horizontal resolution and 19 vertical levels. The SST forcing fields are derived from 177 

the Atmospheric Model Intercomparison Project (AMIP) II Sea Surface Temperature 178 

and Sea Ice Concentration Boundary Conditions. Three experiments are designed. 179 

The control run is forced by the historical SST fields for 10 years from 1966 to 1975, 180 

and the outcomes from the last 8 years are used to exclude the model spin-up. The 181 

first sensitivity run (SR1) is forced by Dec.−Jan.−Feb. (DJF) SST differences 182 

between the warm (normalized mega-ENSO index larger than 0.5) and cold 183 

(normalized mega-ENSO index smaller than −0.5) mega-ENSO, which starts in 1966 184 

and ends in 1975. The second sensitivity run (SR2) is similar to SR1, except for 185 

removing the XNP SSTA from mega-ENSO. 186 

 187 

3. Interdecadal changes in the relationship between 188 

mega-ENSO and WP/Aleutian Low 189 
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 8

Figure 2a presents the DJF SSTA pattern regressed against the mega-ENSO 190 

index. It is seen that the spatial pattern of mega-ENSO, similar to that of ENSO, has 191 

a larger spatial scale with negative SSTA in the western Pacific K-shape area and 192 

positive SSTA in the eastern Pacific triangle area, in agreement with Wang et al. 193 

(2013).  194 

Using the mega-ENSO index, we found that there is a good connection between 195 

mega-ENSO and the North Pacific atmospheric circulation (Fig. 2b), which displays a 196 

westward extension of the Aleutian Low. The correlation coefficient (CC for short) is 197 

−0.51 between mega-ENSO and the Aleutian Low, and is −0.34 between mega-ENSO 198 

and the WP, both above the 99% confidence level based on the Student’s t test. 199 

Meanwhile, the NP index (NPI) and the WP index (WPI) are weakly correlated with 200 

each other during the 56 years (CC=−0.21), indicating they are likely independent 201 

atmospheric systems. 202 

The 21-yr sliding correlations of the mega-ENSO index with the NP and WP 203 

indices (Fig. 2c) show that there is a pronounced change of correlation during the 204 

years of 1976−1978. In the earlier period (1957−1975), the mega-ENSO and WPI are 205 

significantly correlated (CC=−0.63), while the mega-ENSO and NPI are not 206 

(CC=−0.18). Thus, the early period is regarded as the coupling epoch between the WP 207 

and mega-ENSO. In the latter period (1979−2012), the mega-ENSO and NPI are 208 

significantly correlated (CC=−0.66), while the mega-ENSO and WPI are not 209 

(CC=−0.14). Thus, latter period is regarded as the coupling epoch between the 210 

Aleutian Low and mega-ENSO (Fig. 2d). This is in agreement with He et al. (2013), 211 
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who found the change in the relationship between the conventional ENSO and the 212 

Asia-Pacific mid-latitude winter atmospheric circulation.  213 

Before further analysis by using the mega-ENSO index, comparisons between 214 

mega-ENSO and ENSO are made to explain why the mega-ENSO index is 215 

introduced. First of all, we compare the pure mega-ENSO-related SSTA and 500 hPa 216 

geopotential height (Z500) anomalies with the pure ENSO-related SSTA and Z500 217 

anomalies from 1870 to 2012. The pure mega-ENSO winters are defined as those 218 

when the normalized DJF mega-ENSO index is beyond +/−0.5 and in the meantime 219 

the ENSO does not happen (Nino3.4 index is between −0.5 and 0.5). The pure 220 

ENSOs are defined as those when the normalized DJF Nino3.4 index is beyond 221 

+/−0.5 while the mega-ENSO doesn’t happen (Fig. 3). This threshold provides 222 

adequate numbers of mega-ENSO and ENSO cases to compare their spatial 223 

structures. Figure 3a depicts the mega-ENSO-related SST difference (warm minus 224 

cold years) in pure mega-ENSO years, showing strong negative SSTAs in a K-shape 225 

area over the West Pacific and relatively weak positive SSTAs in a triangle region 226 

over the East Pacific. It is distinctly different from that for the pure ENSO (Fig. 3b), 227 

which shows significant SSTAs over the eastern and central tropical Pacific and a 228 

weak gradient between the eastern and the western Pacific. Because of the different 229 

types of SSTA forcing, the atmospheric responses are different. The Z500 anomalies 230 

associated with a pure mega-ENSO (Fig. 3c) are significant at the mid-and-high 231 

latitudes, but those corresponding to a pure ENSO (Fig. 3d) are significant in the 232 

tropical region, with an opposite sign.  233 
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The power spectrum of the mega-ENSO and Nino3.4 indices are also compared. 234 

Given that the period of the conventional ENSO is 3∼5 years (NOAA/Climate 235 

Prediction Center (CPC), online at 236 

http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensocycle/ensocycle.sht237 

ml), we removed the interannual signal (less than 5 years) from the mega-ENSO and 238 

Nino3.4 indices using the Lanczos filter. Figure 3e indicates that the most significant 239 

period of interdecadal mega-ENSO (ID) is about 15 years, which is absent for the 240 

Nino3.4 (ID) (Fig. 3f) and PDO (Newman et al., 2003; fig. 3). Lastly, we find that the 241 

Z500 anomaly response to a weak mega-ENSO is consistent with that to a strong one, 242 

but such consistency does not exist for strong and weak conventional ENSOs. The 243 

strong events are selected when the DJF mega-ENSO/Nino3.4 index values are 244 

greater (less) than 1.0 (−1.0) standard deviation, and the weak events are selected 245 

when the DJF mega-ENSO/Nino3.4 index values are between 0.5 (−1.0) and 1.0 (−0.5) 246 

standard deviation. Composite analysis shows that the differences of the Z500 247 

responses to strong mega-ENSO and to conventional ENSO in the two epochs are 248 

quite similar (not shown). The Z500 anomalies in a weak mega-ENSO year is similar 249 

to those in a strong mega-ENSO year (Figs. 4a and 4c). The Z500 anomaly response 250 

to weak conventional ENSO changes from the early epoch, which is more similar to 251 

an Aleutian Low (Fig. 4b), to the latter epoch, which shows no significant Aleutian 252 

Low-like response (Fig. 4d). Thus, the association of WP/Aleutian Low with 253 

mega-ENSO is more close and robust than that with conventional ENSO. In the 254 

following, we analyze the changing SSTA related to the WP/Aleutian Low. In the 255 
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earlier epoch (Fig. 5a), the SSTA pattern regressed against the WP index resembles 256 

that of the mega-ENSO SSTA pattern (spatial correlation coefficient (SCC) with Fig. 257 

2a is −0.9), indicating that such an SSTA pattern can explain around 81% of the 258 

mega-ENSO signal. A similar mega-ENSO-like SSTA pattern related to the Aleutian 259 

Low is found in the latter epoch (Fig. 5d, SCC=−0.96). Such a close spatial 260 

relationship can also be validated by a grid-by-grid comparison (Figs. 5e and 5f). 261 

However, the correlation is greatly reduced between mega-ENSO and the WP index in 262 

the latter epoch (Fig. 5b, SCC=−0.44), which is also the case for the correlation 263 

between mega-ENSO and the Aleutian Low in the earlier epoch (Fig. 5c, SCC=−0.45). 264 

It means that the SSTA pattern in Fig. 5b and Fig. 5c can only explain around 19% 265 

and 20% of the mega-ENSO signal.  266 

Therefore, there is a noticeable change in the linkage between the North Pacific 267 

atmospheric circulation and mega-ENSO during the past 56 winters. To understand 268 

the origin of such inter-decadal change, the spatial structure of mega-ENSO during 269 

the two epochs will be examined in the following sections. 270 

 271 

4. Contrasting spatial structures of mega-ENSO in two 272 

epochs 273 

Figure 6 compares the large-scale Z500 anomalies associated with mega-ENSO 274 

during the two epochs. In general, the Z500 anomalies are symmetric about the 275 

equator in the tropical zone during the two epochs. A major difference is located in the 276 

mid-latitude North Pacific and the North Atlantic. In the earlier epoch (Fig. 6a), it is a 277 
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positive phase of the WP-like pattern over the North Pacific, with significantly high 278 

pressure anomalies over the Kyushu Japan and low pressure anomalies over the 279 

Kamchatka Peninsula and the western coast of North America. In the latter epoch (Fig. 280 

6b), the high pressure anomalies over the Kyushu Japan disappear. Instead, there is a 281 

deep Aleutian Low-like pattern over the Aleutian Islands and the Gulf of Alaska. In 282 

addition, the Z500 anomalies exhibit a negative NAO-like pattern over the North 283 

Atlantic in the earlier epoch but that disappears in the latter epoch, which was also 284 

found by Wu and Zhang (2014) (their fig. 5). The 200 hPa geopotential height has a 285 

similar feature as Z500, with major differences over the mid-and-high-latitudes as 286 

well (not shown). We also regressed Z500 anomalies onto the PDO and IPO indices in 287 

the two epochs and found that there is no significant difference. So, the PDO/IPO may 288 

not be the key factor responsible for the inter-decadal variation of the WP and 289 

Aleutian Low. 290 

To explore the possible origin of the circulation differences, the SSTAs 291 

associated with mega-ENSO are compared between the two epochs (Fig. 7). Both 292 

epochs show a typical mega-ENSO pattern over the Pacific Ocean. The major 293 

difference lies in the extra-tropical North Pacific (XNP, boxed area in Fig. 7), which 294 

shows an east-west dipole pattern in the earlier epoch (Fig. 7a) and a quasi-single-sign 295 

negative SSTA in the latter epoch (Fig. 7b). Such changes over the North Pacific are 296 

accompanied with the changes over the North Atlantic (also seen in fig. 6 in Wu and 297 

Zhang, 2014). The most prominent differences between the two epochs are in the 298 

XNP and in the North Atlantic (Fig. 7c). An XNP index (XNPI) is defined as the 299 
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SSTA averaged within the boxed area (130°E−150°W, 15°N−40°N). Its correlation 300 

with the mega-ENSO is −0.39 in the earlier epoch and −0.68 in the latter. Such an 301 

interdecadal change in the North Pacific SSTA can also be discerned in the preceding 302 

Sep.–Oct.–Nov. (SON) (not shown). In addition, the differences of the SSTA 303 

associated with mega-ENSO and Nino3.4 between the two epochs are compared (not 304 

shown). The results indicate that, with the same threshold, the SST differences caused 305 

by the variation of mega-NESO between the two epochs are more obvious and 306 

persistent than that caused by the conventional ENSO. This impies that the 307 

mega-ENSO is more closely related to the XNP SSTA than to the conventional 308 

ENSO.  309 

Figure 8 shows the difference of climatological SSTA between these two epochs 310 

in SON and DJF. The patterns with significant SSTA over the North Pacific (Fig 8a 311 

and 8b) are similar, except that the region with significant SSTA in DJF is larger than 312 

that in SON. However, the east-west dipole SSTA pattern in the box region does not 313 

accord with Fig. 7c. From Figs. 7 and 8, we conclude that the cooling of the XNP 314 

SSTA from the former epoch to the latter epoch may not be caused by the change of 315 

climatological SSTA, but the interdecadal change of mega-ENSO. As the connection 316 

between mega-ENSO and the North Atlantic SSTA were discussed in Wu and Zhang 317 

(2014), we will discuss the modulating effect of the XNP SSTA in the next part.  318 

 319 

5. The XNP modulation and numerical experiments 320 

a. The XNP modulation 321 

Figure 9 depicts the different effects of mega-ENSO between the two epochs on 322 
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the XNPI. It can be seen that in the latter epoch (Fig. 9b) the XNPI is associated with 323 

a mega-ENSO-like SSTA response as well as negative SSTAs over the extra-tropical 324 

North Atlantic resembling the SSTA response to the mega-ENSO (Fig. 7b). Though 325 

the XNP SSTA still exist, there is no significant mega-ENSO-like response in the 326 

earlier epoch (Fig. 9a). These patterns indicate that the XNP has a synergistic effect on 327 

the mega-ENSO during the 1979 to 2012, but such a characteristic is not obvious in 328 

the years before 1975. Thus, we define 1957−1975 as the mega-ENSO without XNP 329 

SSTA forcing period, and 1979−2012 as the mega-ENSO with XNP SSTA forcing 330 

period. Next, the Z500 anomalies are regressed against XNPI (Fig. 10) to examine the 331 

modulating effect of the XNP SSTA, which shows an evident Aleutian Low similar to 332 

Fig. 6b. The possible reasons that may lead to the close connection between the XNP 333 

and the Aleutian Low are suggested as follows: Comparing the wind anomalies over 334 

the North Pacific in Fig. 7a and 7b, one of the major differences is the strength of the 335 

westerly wind, which may be caused by the cooling of the XNP SSTA. In the former 336 

epoch, because of the relatively warmer SSTA in the XNP region, the SST gradient 337 

between the eastern and western North Pacific is weak, causing a weak upper sea 338 

level pressure (SLP) gradient (Fig. 7d), which is against the generation of the 339 

westerly. Following the interdecadal variability of mega-ENSO, the XNP SSTA 340 

becomes cooler (Fig. 7c), making the zero line move westward (Fig. 7e), reinforcing 341 

the upper SLP gradient and the westerly wind. This process is favorable for the 342 

cyclone growth over the Gulf of Alaska, which further strengthens and maintains the 343 

Aleutian Low. Meanwhile, the anticyclone over the Kamchatka Peninsula (Fig. 7c) 344 
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may be generated by the weakening westerly wind over the Okhotsk Sea, which 345 

would obstruct the generation of the WP. Above all, the XNP SSTA cooling reinforces 346 

the local westerly wind and weakens the Okhotsk Sea westerlies which may play a 347 

great role in modulating the WP and Aleutian Low. 348 

In order to exam whether the XNP SSTA could exert an effect without the 349 

mega-ENSO. The partial-correlation is used to remove the mega-ENSO signal from 350 

the XNP (Fig. 11). Compared to Fig. 10, the XNP SSTA can only excite a low 351 

pressure, which is located to the west of the Aleutian Low in Fig. 11. The tropical 352 

response does not exist, either. This suggests that the effect of XNP SSTA would take 353 

place against the background of mega-ENSO. To verify whether the correlation 354 

between the mega-ENSO and the WP/Aleutian Low depends on the XNP or not, the 355 

partial-correlation is again used to remove the latter epoch XNP signal from the 356 

mega-ENSO. The regressions of DJF Z500 anomalies against the mega-ENSO with 357 

and without the XNP index signal removed are calculated (not shown). Their 358 

difference (Fig. 12) shows that the WP pattern is more easily excited with the XNP 359 

index signal removed compared to Fig. 6b. This confirms the previous assumption 360 

that the emergence of the XNP SSTA against the background of mega-ENSO is 361 

conducive to generating the Aleutian Low pattern atmospheric response. Otherwise, 362 

the WP pattern atmospheric response will be excited.  363 

 364 

b. Numerical experiments 365 
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To verify our hypothesis and elucidate the effect of an anomalous XNP SSTA 366 

forcing on the modulation of WP and Aleutian Low, we perform the following 367 

numerical experiments with the ECHAM5.4. The first experiment is the control run. 368 

The second experiment is to impose a mega-ENSO type heating anomaly in the area 369 

of (0°−360°E, 40°S−60°N). The third experiment is to remove the heating anomaly at 370 

the XNP area against the background of mega-ENSO, which could eliminate the 371 

diabatic heating effect of the XNP forcing. The control run and two sensitive 372 

experiments are integrated for 10 years and the DJF is used to derive a reference state. 373 

A 8-member ensemble (arithmetic) mean is constructed to reduce the uncertainties 374 

arising from different initial conditions and the effect of mega-ENSO years. Here, the 375 

control run can be regarded as the mega-ENSO-neutral condition, and the sensitive 376 

run as the pure influence of mega-ENSO or XNP-neutral against the background of 377 

mega-ENSO. 378 

The model responses of Z500 and UV1000 to the mega-ENSO forcing are 379 

shown in Fig. 13a (mega-ENSO forcing minus control run). Affected by the negative 380 

XNP SSTA, the westerly flow is reinforced over the extra-tropical North Pacific (XNP) 381 

following the strengthening of the North Pacific east-west SSTA gradient and an 382 

Aleutian Low-like negative anomaly center is formed over the Gulf of Alaska and 383 

Aleutian Islands at the upper troposphere, which is similar to the observation (Fig. 6b, 384 

and wind field in Fig. 7b). However, after removing the XNP forcing against the 385 

background of mega-ENSO, the westerly flow is moved northward, meanwhile, the 386 

low pressure in the Aleutian region extends westward, which is a WP-like response 387 
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(Fig. 13b), similar to Fig. 6a and the wind field in Fig. 7a. In accordance with the 388 

observation, Figure 13c shows that the AL or WP-like pattern would not respond to 389 

the pure XNP SSTA forcing (the observe SSTA in the red box without mega-ENSO). 390 

The numerical experiments results are quite consistent with the observations that the 391 

mega-ENSO SSTA with the XNP signal is conducive to generating the Aleutian Low 392 

at Z500. Otherwise, the WP pattern response will be excited by the mega-ENSO 393 

without the XNP SSTA. And the location of the westerlies could be well reproduced 394 

by ECHAM5.4, confirming our hypothesis that the XNP SSTA cooling reinforces the 395 

east-west gradient and the local westerly wind, and meanwhile weakens the Okhotsk 396 

Sea westerlies. The XNP against the background of mega-ENSO is the key factor in 397 

modulating the WP and Aleutian Low.   398 

 399 

6. Conclusion and Discussion 400 

By using composite analysis, we found that the pure mega-ENSO and pure 401 

ENSO SSTA pattern are different as well as their upper response, and the association 402 

of the WP/Aleutian Low with mega-ENSO is more close and robust than that with 403 

conventional ENSO. The power spectral analysis reveals that the mega-ENSO 404 

contains more significant signal than convetional ENSO in the low-frequency band.  405 

We found that the mega-ENSO −WP/Aleutian Low connection has experienced 406 

a notable inter-decadal change in winter during the past decades. In 1957 −1975, there 407 

was a significant correlation between the mega-ENSO and the WP, while the 408 

mega-ENSO had a closer linkage with the Aleutian Low after 1979. So the 409 
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mega-ENSO actually exhibited intimate close connection with the WP in the former 410 

epoch. Such a remarkable change in the mega-ENSO−WP/Aleutian Low connection 411 

was related to the modulating effect of the XNP SSTA, which was caused by the 412 

interdecadal change of mega-ENSO. Both numerical and theoretical evidence 413 

confirmed that the XNP SSTA against the background of mega-NESO reinforcing 414 

westerly flow over the XNP region was conducive to exciting an Aleutian Low 415 

atmospheric response, while a WP pattern was forced by the mega-ENSO without an 416 

XNP SSTA which pushing the westerlies northward. Thus, the mega-ENSO, rather 417 

than the ENSO/PDO/IPO, is a key factor responsible for the interdecadal variation of 418 

the WP and Aleutian Low.  419 

It should be pointed out here that the mega-ENSO is not the sole contributor to 420 

the generation of the XNP SSTA. Although the correlation coefficient between the 421 

mega-ENSO and XNP index reaches −0.63, the mega-ENSO can only explain 39% of 422 

the total XNP SST variance. For instance, the XNP SSTA is also related to the 423 

extra-tropical North Atlantic SSTA (red boxed area in Fig. 14). And, some studies 424 

have found the influence of the Atlantic SSTA on the Pacific Ocean. Ham et al. (2013) 425 

pointed out that the tropical North Atlantic SST could be seen as a trigger for ENSO 426 

events. The off-equatorial North Atlantic SSTA was linked to both the North Atlantic 427 

variability (Watanabe and Kimoto, 1999; Okumura et al., 2001) and the ENSO (Klein 428 

et al., 1999; Alexander and Scott, 2002). Thus, whether the Atlantic SSTA affects the 429 

XNP directly or through the mega-ENSO is still unknown, and a better explanation of 430 

the origin of XNP SSTA calls for further theoretical and numerical studies. 431 
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Last but not the least, many researches pointed out that the ENSO was still the 432 

most predictable climatic signal (Kirtman and Schopf, 1998; Cheng et al., 2011), the 433 

relations of ENSO to both the East Asian winter monsoon (EAWM) and the East 434 

Asian summer monsoon (EASM) were shown to be modulated by the PDO (Chan and 435 

Zhou, 2005; Wang et al., 2008) and IPO (Lee et al., 2013). As an integrated measure 436 

of the ENSO, PDO and IPO, the mega-ENSO index was also used as a predictor to 437 

predict the EASM leading to some good results (Wang et al, 2013; Wu and Yu, 2015). 438 

Recently, Jia et al. (2015) showed that the second empirical orthogonal function (EOF) 439 

of the surface air temperature (SAT) over East Asia was associated notably with 440 

different circulation structures before and after the mid-1980s. In the North Pacific, a 441 

large-scale low-pressure anomaly was associated with SAT-EOF2 before the 442 

mid-1980s. However, a negative PNA-like pattern appeared after the mid-1980s 443 

associated with SAT-EOF2. Our results show that the mega-ENSO may exert an 444 

effect on the EAWM by exciting a PNA-like pattern (Aleutian Low) in the latter 445 

epoch (Fig. 6b). Thus, the mega-ENSO may change its linking with the East Asian 446 

winter monsoon or North American winter climate through modulating the North 447 

Pacific atmospheric circulation. This highlights the importance of examining how the 448 

mega-ENSO influences the North Pacific circulation patterns such as the WP or the 449 

AL. 450 
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Figure Captions 672 

FIG. 1. December−January−February (DJF) 500-hPa geopotential height (Z500) 673 

anomalies regressed against (a) the North Pacific (NP) index (contours in units of 674 

hPa) (b) the West Pacicfic (WP) index from 1957 to 2012. The shaded areas 675 

exceed the 95% confidence level based on the Student’s t test. 676 

FIG. 2. (a) DJF sea surface temperature anomaly (SSTA) (b) Z500 anomalies 677 

regressed against the mega-ENSO index (contours in units of °C and hPa) during 678 

1957 to 2012. The red lines outline the eastern Pacific triangle and western 679 

Pacific K-shape regions where the mega-ENSO index is defined. The shaded 680 

areas exceed the 95% confidence level based on the Student’s t test. (c) The 681 

21-yr sliding correlation of the mega-ENSO index with the WP index (red curve) 682 

and the NPI (blue curve). The horizontal dashed line indicates the values exceed 683 

the 95% confidence level based on the Student’s t test. (d) Time series of the 684 

normalized NPI (black curve), WPI (red curve) and mega-ENSO index (bar) in 685 

DJF for the period of 1957−2012. Yellow and green shaded area denotes 686 

transition period. 687 

FIG. 3. DJF SSTA (contours in units of °C) composite difference between the warm 688 

and cold (a) mega-ENSO with neutral conventional ENSO years (b) 689 

conventional ENSO with neutral mega-ENSO years, (c) (d) is the same as (a) (b), 690 

except for Z500 (contours in units of hPa). The dotted areas plotted in exceed 691 

90% confidence level. And the power spectrum of (e) mega-ENSO index from 692 

1901 to 2010 after extracting the inter-decadal signal (mega-ENSO (ID)), (f) 693 
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Nino3.4 (ID). The red dash-lines from (e) to (f) represent spectrum of red noise 694 

at 95% level. 695 

FIG. 4. DJF Z500 (shaded units of hPa) composite difference between the warm and 696 

cold strong (a) mega-ENSO (b) Nino3.4 years from 1957 to 1975, (c) (d) is the 697 

same as (a) (b), except for 1979−2012. A weak year refers to that of a DJF 698 

mega-ENSO/Nino3.4 index value between 0.5 (−1) and 1 (−0.5) times standard 699 

deviation. 700 

FIG. 5. 1957−1975 and 1979−2012 DJF SSTA (contours in units of °C) pattern 701 

regressed against the WP index (a) and (b), NP index (c) and (d). The shaded 702 

areas exceed the 90% confidence level. The scatter plot compares the SSTA 703 

spatial pattern regressed against WP (e), NP (f) index with the SSTA spatial 704 

pattern regressed against mega-ENSO. 705 

FIG. 6. The DJF Z500 (contours in units of hPa) pattern regressed against the 706 

mega-ENSO for the (a) 1957−1975 and (b) 1979−2012 period. The shaded areas 707 

exceed the 95% confidence level. 708 

FIG. 7. DJF SSTA (contours in units of °C) and 1000 hPa wind anomalies (vectors in 709 

units of m/s) regressed against the normalized mega-ENSO index for (a) 710 

1957−1975; (b) 1979−2012; (c) (b)−(a). (e), (f) are the DJF sea level pressure 711 

(SLP) anomalies regressed against the normalized mega-ENSO index at 712 

1957−1975, 1979−2012. The shaded areas or wind vectors plotted in (a), (b), (e) 713 

and (f) exceed 95% confidence level, while those in (c) indicate SSTAs above 714 

0.18°C or below −0.18°C, wind vectors above 0.8 m/s. The SSTA averaged in 715 
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the purple box (130°E−150°W, 15°N−40°N) is defined as an extra-tropical North 716 

Pacific (XNP) index (XNPI).  717 

FIG. 8. (a) SON and (b) DJF climatology SST difference between 1979−2012 and 718 

1957−1975. The dotted and forked areas represent exceed 95% confidence level. 719 

The purple box denotes XNP area.  720 

FIG. 9. The DJF SSTA (contours in units of K) pattern regressed against the XNPI for 721 

the (a) 1957−1975 and (b) 1979−2012 period. The shaded areas exceed the 95% 722 

confidence level. 723 

FIG. 10. DJF Z500 anomalies regressed against the XNP (contours in unit of hPa). 724 

The shaded areas exceed the 95% confidence level.  725 

FIG. 11. Same as Figure 9, except for partial regressed against the XNP with the 726 

mega-ENSO index signal removed. The shaded areas exceed the 95% confidence 727 

level. 728 

FIG. 12. The regressions of DJF Z500 anomalies against the mega-ENSO with and 729 

without the XNP index signal removed. The shaded areas indicate above 4 hPa or 730 

below −4 hPa. 731 

FIG. 13. (a) DJF Z500 (contours in units of hPa) and UV1000 (vectors in units of m/s) 732 

responses in the ECHAM5 regarding a difference between mega-ENSO forcing 733 

and control run. (b) Same as (a) but with XNP forcing removed, (c) with pure 734 

XNP forcing without mega-ENSO. The shaded areas indicate above 2 hPa or 735 

below −2 hPa, wind vectors above 0.8 m/s. 736 
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FIG. 14. (a) DJF (b) SON and (c) JJA SSTA (contours in units of °C) regressed against 738 

the XNP index. The shaded areas exceed 95% confidence level. And the red box 739 

denotes XNA SSTA.  740 
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 743 

DJF Z500 anomalies regress to

 744 

 745 

 746 

FIG. 1. December−January−February (DJF) 500-hPa geopotential height (Z500) 747 

anomalies regressed against (a) the North Pacific (NP) index (contours in units of hPa) 748 

(b) the West Pacicfic (WP) index from 1957 to 2012. The shaded areas exceed the 749 

95% confidence level based on the Student’s t test. 750 

751 
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 752 

 753 

 754 

 755 

FIG. 2. (a) DJF sea surface temperature anomaly (SSTA) (b) Z500 anomalies 756 

regressed against the mega-ENSO index (contours in units of °C and hPa) during 757 

1957 to 2012. The red lines outline the eastern Pacific triangle and western Pacific 758 

K-shape regions where the mega-ENSO index is defined. The shaded areas exceed the 759 

95% confidence level based on the Student’s t test. (c) The 21-yr sliding correlation of 760 

the mega-ENSO index with the WP index (red curve) and the NPI (blue curve). The 761 

horizontal dashed line indicates the values exceed the 95% confidence level based on 762 

the Student’s t test. (d) Time series of the normalized NPI (black curve), WPI (red 763 

curve) and mega-ENSO index (bar) in DJF for the period of 1957−2012. Yellow and 764 

green shaded area denotes transition period. 765 
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 768 

    769 

    770 

 771 

FIG. 3. DJF SSTA (contours in units of °C) composite difference between the warm 772 

and cold (a) mega-ENSO with neutral conventional ENSO years (b) conventional 773 

ENSO with neutral mega-ENSO years, (c) (d) is the same as (a) (b), except for Z500 774 

(contours in units of hPa). The dotted areas plotted in exceed 90% confidence level. 775 

And the power spectrum of (e) mega-ENSO index from 1901 to 2010 after extracting 776 

the inter-decadal signal (mega-ENSO (ID)), (f) Nino3.4 (ID). The red dash-lines from 777 

(e) to (f) represent spectrum of red noise at 95% level. 778 
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 783 

 784 

 785 

 786 

FIG. 4. DJF Z500 (shaded units of hPa) composite difference between the warm and 787 

cold strong (a) mega-ENSO (b) Nino3.4 years from 1957 to 1975, (c) (d) is the same 788 

as (a) (b), except for 1979−2012. A weak year refers to that of a DJF 789 

mega-ENSO/Nino3.4 index value between 0.5 (−1) and 1 (−0.5) times standard 790 

deviation. 791 
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v

 793 

 794 

 795 

FIG. 5. 1957−1975 and 1979−2012 DJF SSTA (contours in units of °C) pattern 796 

regressed against the WP index (a) and (b), NP index (c) and (d). The shaded areas 797 

exceed the 90% confidence level. The scatter plot compares the SSTA spatial pattern 798 

regressed against WP (e), NP (f) index with the SSTA spatial pattern regressed against 799 

mega-ENSO.  800 

801 
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 802 

 803 

 804 

 805 

FIG. 6. The DJF Z500 (contours in units of hPa) pattern regressed against the 806 

mega-ENSO for the (a) 1957−1975 and (b) 1979−2012 period. The shaded areas 807 

exceed the 95% confidence level.  808 

809 
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 810 

   811 

 812 

 813 

FIG. 7. DJF SSTA (contours in units of °C) and 1000 hPa wind anomalies (vectors in 814 

units of m/s) regressed against the normalized mega-ENSO index for (a) 1957−1975; 815 

(b) 1979−2012; (c) (b)−(a). (e), (f) are the DJF sea level pressure (SLP) anomalies 816 

regressed against the normalized mega-ENSO index at 1957−1975, 1979−2012. The 817 

shaded areas or wind vectors plotted in (a), (b), (e) and (f) exceed 95% confidence 818 

level, while those in (c) indicate SSTAs above 0.18°C or below −0.18°C, wind vectors 819 

above 0.8 m/s. The SSTA averaged in the purple box (130°E−150°W, 15°N−40°N) is 820 

defined as an extra-tropical North Pacific (XNP) index (XNPI).   821 
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 825 

 826 

FIG. 8. (a) SON and (b) DJF climatology SST difference between 1979−2012 and 827 

1957−1975. The dotted and forked areas represent exceed 95% confidence level. The 828 

purple box denotes XNP area.  829 
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         832 

 833 

 834 

FIG. 9. The DJF SSTA (contours in units of K) pattern regressed against the XNPI for 835 

the (a) 1957−1975 and (b) 1979−2012 period. The shaded areas exceed the 95% 836 

confidence level.  837 
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 845 

FIG. 10. DJF Z500 anomalies regressed against the XNP (contours in unit of hPa). 846 

The shaded areas exceed the 95% confidence level.  847 

848 
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 852 

FIG. 11. Same as Figure 9, except for partial regressed against the XNP with the 853 

mega-ENSO index signal removed. The shaded areas exceed the 95% confidence 854 

level. 855 
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 859 

 860 

FIG. 12. The regressions of DJF Z500 anomalies against the mega-ENSO with and 861 

without the XNP index signal removed. The shaded areas indicate above 4 hPa or 862 

below −4 hPa.  863 

864 
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 867 

FIG. 13. (a) DJF Z500 (contours in units of hPa) and UV1000 (vectors in units of m/s) 868 

responses in the ECHAM5 regarding a difference between mega-ENSO forcing and 869 

control run. (b) Same as (a) but with XNP forcing removed, (c) with pure XNP 870 

forcing without mega-ENSO. The shaded areas indicate above 2 hPa or below −2 hPa, 871 

wind vectors above 0.8 m/s. 872 

873 
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 876 

FIG. 14. (a) DJF (b) SON and (c) JJA SSTA (contours in units of °C) regressed against 877 

the XNP index. The shaded areas exceed 95% confidence level. And the red box 878 

denotes XNA SSTA. 879 

 880 
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